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Role of aldosterone in the mechanism of potassium adaptation in the
initial collecting tubule. Studies were performed on the initial collecting
tubule of the rat to determine whether potassium adaptation in this
nephron segment is aldosterone-dependent. Previous studies demon-
strated that chronic potassium loading, in animals with intact adrenal
glands, caused an increase in transepithelial potential difference in late
distal convolution, an increase in surface density of the basolateral cell
membrane, SvBI, of principal cells in the initial collecting duct, and a
rise in plasma aldosterone levels. The present study shows that epi-
thelial changes that characterize dietary potassium loading are not
dependent on hyperaldosteronism, since potential difference (—47 I
vs. 40 3 my, lumen negative) and SVHI M (2.91 0.11 vs. 2.53 0.09
sm2I.sm3) increased significantly (P < 0.05) in the late distal convolu-
tion of adrenalectomized, hormone-replaced animals in which plasma
aldosterone levels were maintained at basal values of approximately 5
ng/dl. In addition, these experiments suggest that the initial collecting
tubule is sensitive to the action of aldosterone, at physiological plasma
levels, since chronic hyperaldosteronism. in the absence of potassium
loading, increased SvBIM in initial collecting tubule cells. In contrast to
other mineralocorticoid-sensitive tissues, however, neither the acute or
chronic administration of aldosterone caused an increase in potential
difference in late distal convolution. These results suggest that the
mechanism by which aldosterone stimulates electrolyte movement is
not identical in all target tissues.
Role de l'aldostérone dans le mécanisme d'adaptation au potassium
dans le tubule collecteur initial. Des etudes ont été entreprises dans Ic
tubule collecteur initial de rat pour determiner si l'adaptation au
potassium dans cc segment nCphronique est dCpendante de
l'aldostérone. Des etudes antCrieures ont dCmontrC qu'une surcharge
potassique chronique, chez des animaux avec des glandes surrénales
intactes, entrainait une augmentation de Ia difference de potentiel
transepithelial dans Ic tubule contournC distal terminal, une ClCvation de
Ia densité de surface dans Ia membrane cellulaire baso-latérale, SVBLM,
des cellules principales du canal collecteur initial. et une augmentation
des concentrations plasniatiques d'aldostCrone. Cette étude montre que
les modifications Cpithéliales qui caractCrisent Ia surcharge potassique
alimentaire ne dependent pas d'un hyperaldostCronisme, puisque Ia
difference de potentiel (—47 I contre 40 3 my, lumière negative)
et Sv81 (2.91 0,11 contre 2.53 0,09 sm2//Lm3) se sont élevées
significativement (P < 0,05) dans Ic contournC distal terminal
d'animaux surrCnalectomisés, supplementés en hormone, chez qui les
concentrations plasmatiques d'aldostCrone Ctaient maintenues a des
valeurs basales d'environ 5 ng/dl. En plus. ces experiences suggCrent
que Ic tubule collecteur initial est sensible a l'action de l'aldostérone, a
des concentrations plasmatiques physiologiques, puisque l'hyperal-
dostCronisme chronique. en l'absence de surcharge potassique, a
augmentC SVBLM dans les cellules du tubule collecteur initial. Cepend-
ant, par contraste avec d'autres tissus sensibles aux mineral-
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ocorticoides, l'administration aigue on chronique d'aldostérone n'a pas
entrainé d'augmentation de Ia difference de potentiel dans le contourné
distal tardif. Ces résultats suggérent que Ic mécanisme par lequel
I'aldostCrone stimule Ic mouvement electrolytique nest pas identique
dans toutes les cellules cibles.
Chronic oral loading with potassium induces adaptive
changes in the mammalian kidney that increase the capacity for
potassium secretion in the collecting duct system. This re-
sponse, termed renal potassium adaptation, is characterized by
increased net potassium secretion, an increase in Na-K-ATPase
activity, and an amplification of the area of basolateral plasma
membrane, as recently reviewed [1]. In addition, a rise in the
transepithelial potential difference (PD) in the initial collecting
duct, located in the late distal convolution, and in the cortical
collecting tubule, has been shown to be a hallmark of the renal
adaptive response [2, 31. Although these previous studies
provide insights into the epithelial changes which accompany
potassium loading, the stimulus for renal potassium adaptation
is unknown.
The role of aldosterone as a causative factor in the induction
of potassium adaptation is suggested by several lines of evi-
dence, including an increase in aldosterone production rates in
potassium-loaded animals [41, and the observation that in-
creased aldosterone plasma levels, induced by sodium depriva-
tion, result in many of the same epithelial changes in the
collecting duct system and large intestine that are induced by
potassium loading [5, 6]. Therefore, our study was performed to
evaluate the role of aldosterone in the mechanism of renal
potassium adaptation by examining the individual effects of
potassium loading and hyperaldosteronism on the electrophysi-
ological and structural properties of initial collecting duct cells
in the late distal convolution.
Methods
Studies were performed on male Sprague-Dawley rats
(Camm Research, Wayne, New Jersey) weighing between 170
and 300 g. Animals were provided tap water to drink, except in
adrenalectomized animals not replaced with adrenal hormones
in which 0.15 M NaCI was administered as a drinking solution.
These animals were fed one of three diets. The control diet was
rat chow (Ralston Purina, St. Louis, Missouri) that contained
0.17 mEq Na/g and 0.24 mEq K/g. The high-K diet, used to
induce potassium adaptation, consisted of an artificial paste
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diet, previously described by our laboratory [7], which con-
tained 0.11 mEq Na/g and 1.5 mEq K/g. The Na-free diet, used
to induce secondary hyperaldosteronism, was the same paste
diet used in the previous group except that sodium was re-
moved and 0.15 mEq K/g of K was present. All diets were
continued for at least 5 days before studies were performed.
The following groups of animals were prepared:
(1) Animals with intact adrenal glands were studied to
evaluate the effects of potassium loading or hyperaldosteronism
on the electrical properties of the late distal convolution.
Control group. Nine rats received Purina chow.
High K group. Seven rats received High-K diet to induce
renal potassium adaptation. This diet has been demonstrated to
increase plasma levels of aldosterone to levels of 40 to 50 ng/dl
in animals with intact adrenal glands [81.
Acute aldo group. Eight rats ate Purina chow and were given
intraperitoneal injections of aldosterone, in a dose of 50 g, 18
and 2 hr before study since this regimen has been reported to
increase the PD lfl the distal convolution of adrenalectomized
animals [9]. Aldosterone was dissolved in a 5% ethanol-isotonic
saline solution.
Chronic aldo group. Ten rats were provided a Na-free diet,
since this diet has been demonstrated to increase plasma
aldosterone levels from control values of approximately 5 to 400
to 500 ng/dl [81.
(2) Additional groups of adrenaleciomized (A dx) animals
were studied 5 to 7 days after surgery. Some groups were
chronically replaced with adrenal hormones and were provided
with the Control or the High-K diet. Adrenalectomy was
performed under pentobarbital anesthesia through bilateral
flank incisions.
Adx-unreplaced-PVP group. Nine animals were fed Purina
chow. Completeness of adrenalectomy was confirmed by mea-
surement of plasma corticosterone levels. To maintain adequate
renal function during acute micropuncture study, these animals
were administered 3 ml of 0.15 M NaCI saline and 3 ml of a 3%
polyvinyl pyrrolidine (PVP)-isotonic saline solution at the time
of surgery, and the PVP-containing solution was infused con-
tinuously during the experiment at the rate of 0.07 mI/mm.
Since PVP had a mean molecular weight of 38,000 daltons,
previous studies have shown it is not filtered by the kidney 1101.
The large molecular weight PVP was used in these experiments
to increase intravascular volume and maintain visceral blood
flow near normal.
Control-P VP group. Five animals, with intact adrenal glands,
were studied for comparison with the previous group of animals
to evaluate the effect of PVP on PD in the late distal tubule. This
group received the same fluid administration as the Adx-
unreplaced-PVP animals.
Adx-control replacement group. Five rats were fed Purina
chow. The method of chronic hormone replacement has been
recently described by this laboratory [81 and was initiated at the
time of surgery. In brief, all replaced animals received two
pellets of 20 mg corticosterone—40 mg cholesterol, implanted
subcutaneously in the intrascapular fossa. This regimen pro-
vides stable levels of corticosterone of 4 to 5 Lg/dl. which
corresponds to the basal level in the unstressed rat. In addition,
replaced animals also received aldosterone via a subcutane-
ously implanted osmotic minipump (AIza Corp., Palo Alto,
California), at rates designed to produce basal or elevated levels
of aldosterone. Aldosterone was dissolved in a 5% ethanol-
isotonic saline solution. In the Adx-control group replacement
group aldosterone was infused at a rate of 0.8 p.g/lOO g body
weight per day. This rate of delivery results in plasma aldos-
terone levels of approximately 5 ng/dl, which correspond to the
level in the normal unstressed rat.
Adx-control replacement and high K group. Five animals
were fed the high-K diet. Corticosterone was replaced as in the
previous groups and aldosterone was infused at a rate of 0.8
Lg/100 g body weight per day.
Adx-chronic Aldo group. Six rats were fed Purina chow and
received corticosterone as in the previous group. Aldosterone
was infused at a rate of 20 p.g/100 g body weight per day to
produce elevated plasma aldosterone levels in the range of 100
to 200 ng/dl.
Adx-chronic A/do and high K group. Four rats were fed
high-K diet and corticosterone was replaced as before. In this
group aldosterone was delivered at a rate of 10 ,ag/100 g body
weight per day to produce plasma levels of approximately 50
g/dl, since this level of plasma aldosterone has been observed
in intact animals on a high potassium diet [8].
Surgical protocol
Rats were anesthesized with mactin (Promonta. Hamburg,
West Germany) 80 to 100 mg/kg i.p. After tracheostomy was
performed, catheters (PE-50) were inserted into the bladder,
both jugular veins and the left carotid artery. During surgical
preparation animals received an intravenous infusion of
isotonic saline equal to 2.5% of body weight, except for
Adx-unreplaced-PVP rats as noted. Body temperature was
maintained between 36.5 and 37.5°C by means of a direct-
current heating pad servo-controlled by a Yellow Springs
Instrument Co. (Yellow Springs, Ohio) rectal thermistor probe.
The left kidney was exposed by a flank incision, separated
carefully from perirenal tissues, and the renal capsule was
removed. The kidney was immobilized in a cup (Lucite®), and
surrounded by 2% agar dissolved in isotonic saline solution.
The renal surface was exposed through a window cut in the agar
and covered with isotonic saline. During the study rats received
isotonic saline solution intravenously, at a rate of 0.04 mI/mm.
At the completion of the acute study, blood samples were
obtained for assay of hormone levels in plasma via the arterial
line.
tvlicroelecrrode and micropuncture studies
All electrical and micropuncture studies were performed on
the late distal convolution of surface nephrons. This tubule
segment was localized by the transit time ratio of lissamine
green in distal convolution after the injection of approximately
0.05 ml of a 5% solution in water. Kidneys with initial proximal
transit times greater than 15 sec or distal transit times greater
than 50 sec were discarded. The late portion of the distal
convolution was identified by the ratio of dye appearance time
in the observed segment to the time of dye appearance in
earliest distal segment. Previous studies indicate that a transit
time ratio of approximately 1.8 corresponds to 80 to I 00% of the
length of the distal convolution [11], and a ratio greater than or
equal to 1.5 indicates that portion of the distal convolution with
characteristics of connecting tubules or initial collecting tubules
[12]. In the present study the transit time ratio in all groups in
800 Hirsch et al
Ag AgCI
1 2
3M NaCl
3
Reference electrode
Interstitial
fluid
4
Tubular
fluid
5
3 M NaCI AgCI Ag
6 7
Recording electrode
Fig. 1. Schematic representation of the elec—
trade, diffision, and ,nembrane potentials dur-
ing measurements of transepithelial potential.
which PD measurements or tubular fluid collections were made
was 1.8 0.2.
In the rat ultrastructural studies show that there is a transition
from distal convoluted tubule to collecting duct system along
the distal convolution. Although less well demarcated than in
the rabbit the rat distal convolution is characterized sequen-
tially by distal tubule cells, a transition connecting segment in
which intercalated cells are present, and finally the initial
collecting tubule segment with principal cells and intercalated
cells [131. These principal cells are characterized by a poorly
developed basal labyrinth and ovoid mitochondria located in
mid and apical portions of the cells, and resemble principal cells
in the cortical collecting tubule. Some authors consider the
connecting tubule as part of the collecting duct segment [13].
Since the transit time ratio was 1.8 0.2 in microelectrode, and
in micropuncture studies, it seems likely that the segments
examined in these experiments correspond to initial collecting
tubule, because only the final 20% of the length of the distal
convolution was examined.
Electrophysiologic measurements. The transepithelial PD be-
tween the lumen of the distal convolution and ground were
measured with large tip glass microelectrodes (OD 2 to 3 zm).
filled with 3 M NaCI in 2% agar, held in Ag/Ag Cl electrodes
(W-P Instruments Inc. New Haven, Connecticut). and con-
nected to a high impedance electrometer (W-P Instruments Inc.
Model 750). The Ag/Ag Cl half cells were stable during the
experiments. The return lead to ground was made through a
Ag/Ag Cl electrode which made contact with the interstitial
fluid of the animal through an agar bridge, containing 3 si NaCl,
placed in the peritoneal cavity. Measurements were recorded as
tracings (Technirite recorder. Technirite Electronics, Rhode
Island) and as a digital read out (Digital Voltmeter, Newport
Laboratories, Inc.). The schematic representation of the dcc-
trode, diffusion, and membrane potentials during measurements
of transepithelial potential is shown by Figure 1.
The system was adjusted to electrical zero before each tubule
impalement by placing the tip of the recording electrode in fluid
covering the surface of the kidney. Under this condition a single
solution fills compartments labelled interstitial fluid' and tu-
bular fluid' so that this circuit is electrically balanced. When the
tip of the microelectrode was inserted into the tubule lumen.
however, the observed PD, VI, was the sum of two voltages not
present with the tip in surface fluid.
VT = VTE + (VT + Volif)
The value VIE represents the transepithelial PD across the
membrane, seen as junction 4 in Figure 1, produced by ionic
diffusion potentials and/or electrogenic ion transport. The value
of (VTIP + Vuff) represents junction 5 when the electrode tip
was placed in tubule fluid and was caused by differences in ionic
composition between interstitial fluid, in which the system was
initially balanced, and tubule fluid on the tip potential, VTII,, and
the diffusion potential at the electrode tip, VI)ff. The VTP is
related to the characteristics of glass at the tip of micro-
electrodes which alters the ion rnobilities in microelectrodes
with small size tips of high electrical resistance from the
expected free mobility values. It is defined operationally as the
difference in potential between the intact tip and a broken tip
when the electrode is placed in a reference solution similar to
interstitial fluid. VDItT is caused by the liquid junction diffusion
potential between the microelectrode filling solution and out-
side solution. To determine VTE therefore, the observed voltage
VT must be corrected for the combined contribution of V- and
Vl),ff either by reducing their values to negligible levels or by
accurately estimating their values for appropriate correction of
VT.
The ideal recording system for measuring VIE. during in vivo
measurements should have the following characteristics: (1) the
system should he in electrical balance for all junctions except
for the membrane at site 4 in Figure I or outstanding potentials
should be accurately calculable, (2) all junctions should have
stable interfaces to prevent variations in diffusion potentials, as
emphasized by Guggenheim 1141, (3) the location of the tip
within the tubule lumen should be easily ascertained and the
site of puncture should not permit leakage of fluid through the
tubular wall, and (4) flow of fluid through the tip of the exploring
electrode should he eliminated since this would produce an
unstable junction 5. In addition, leakage of the electrode
contents into the lumen could contaminate tubule fluid and
result in artifactual diffusion potentials at junction 4. Moreover,
our previous laboratory studies demonstrated marked changes
in YFE during collection of tubule fluid into a microelectrode
112].
In the present experiments efforts were made to eliminate
and/or estimate the individual components of VT and VDff and
to avoid other potential artifacts that could influence the mea-
surements of VTI. Large tip microelectrodes with an OD of 2 to
3 zm were used which reduced VTI, to negligible values of less
than 0.5 iiiv. The electrode filling solution was a concentrated
sodium chloride solution to reduce the magnitude of any change
in VI)tr and was dissolved in agar to maintain a stable interface
at the electrode tip. We used sodium chloride rather than
potassium chloride for the filling solution since variations in
sodium chloride concentration in tubule fluid have been shown
to have a negligible effect on VTF 115]. Moreover, in vitro
studies demonstrated that sodium chloride does not leak from
these electrodes. Microelectrodes filled with 3 si NaCI in agar
were placed in 6-ni droplets of 0.15 M NaCI in vitro. Measure-
ments of chloride concentration in the droplets failed to show
an increase in concentration for periods of electrode contact as
long as 3 mm; this time interval is in excess of the time required
for in vivo measurements of V1.
Because free solution liquid junction potentials do not pro-
vide valid estimates for VDff in agar-containing electrodes,
theoretical liquid junction potential values, when the tip is
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placed in tubular fluid, have not been calculated. Several lines
of evidence suggest, however, that the effect of V0 has a
negligible influence on the estimation of VrE from the observed
Vr. First, if there was a significant difference in the effect on
VD,ff between interstitial fluid and tubular fluid, it seems likely
that this difference would be reflected by differences in the
observed V1 when solutions of different composition were used
to fill microelectrodes [161. In the present study VT in the late
distal convolution of controls was —34 my 2.9 my with a
filling solution of 3 M NaCl in agar and —30 2.5 my with a
filling solution of 0.15 iv! NaCI in agar (P = NS). Similar results
were reported by Temple-Smith, Costanzo, and Windhager [17]
who observed a PD in late distal convolution of —37 my with
KCI-agar filled large tipped electrodes and —38 my with 'arti-
ficial distal fluid' agar-filled large tipped electrodes (P = NS).
Second, we have estimated the magnitude of V1)ff at the tip of
3 M NaCI-agar microelectrodes under in vitro conditions during
changes in the concentration of sodium, potassium, and chlo-
rine in test solutions, within the range of concentrations in distal
convolution fluid observed in these experiments. The in vitro
circuit shown in Figure 2 was used. In this system the 3 M
KCI-agar bridge (PE-280) was used as a flowing junction and
has been estimated to have a diffusion potential of less than 1.0
my [18]. There was no measurable change in Vl) of the
microelectrode referenced to isotonic saline when the potas-
sium concentration in the test solution was varied from (1 to 36
m, while sodium and chlorine concentrations were maintained
constant. However VDfl did change during variations in sodium
and chlorine concentrations in test solutions independent of the
potassium concentration. Over the range of sodium chloride
concentration from 32 to 130 m, which corresponds to the
range of levels observed in these studies, the difference in the
PD between 130 mi NaC! and solutions with low concentra-
tions of NaCI was:
VDff = [—8.0 log (NaCI activity mM) + 161 my
A logarithmic relation is expected from the Henderson predic-
tion [19], and the slope of the regression line was significantly
different from zero (r = I. P < 0.05).
The experimental manipulations of diet and administration of
aldosterone in these studies might have influenced the concen-
tration of sodium chloride in distal fluid and therefore, the value
of VDjtr in the different animal groups. Therefore, we measured
the electrolyte concentration in distal fluid in three groups with
intact adrenal glands. including Controls. High K, and Chronic
Aldo groups. Because the mean concentrations of sodium
chloride, which will be presented in Results, were numerically
similar and did not significantly differ among the three groups,
the value of VDII1 did not influence the observed V1 in group
comparisons. Moreover, the effect of VDIIT on the observed V
during variations in sodium chloride concentration between 30
and 70 mEq/liter was calculated, from the linear regression line
noted above, not to exceed 2 my. On the basis of these
considerations it seems likely that the difference between liquid
junction potentials between interfaces 3 and 5 in Figure 1 was
small and did not significantly influence the experimental mea-
surements of VT as a reflection of the transepithelial potential,
VTI. in intergroup comparisons.
As used in these experiments, the tip potential of microelec-
trodes was less than 0.5 my and the tip resistance was less than
1 MfI when placed in 0.15 M NaCI. These measurements were
checked before and after each impalement and potential differ-
ence recordings were discarded if tip characteristics changed by
greater than 2 my or 5 Mu.
Micropuncture studies. In some animal groups tubular fluid
was collected from late distal convolution to determine the
concentration of sodium, chlorine, and potassium. Animals
were fasted overnight before the study; the exposed surface of
their kidneys was covered with mineral oil to prevent contami-
nation of samples of distal fluid. At the beginning of the
experiment a priming dose of 35 rCi of 3H-methoxy-inulin was
injected and 80 Ci of 3H-methoxy-inulin per hour was infused
for the duration of the study. Timed urine collections of 20 mm
were obtained at the start and end of the experiment and a
plasma sample was obtained at the mid-point of each urine
collection to estimate the clearance of inulin (C1). Following
the measurement of the transepithelial PD in late distal convolu-
tion, timed collections of late distal convolution fluid were
collected with glass micropipettes (OD 7 to 10 rm). An oil block
of mineral oil, stained with Sudan Black, was introduced to
prevent retrograde flow of tubule fluid, and fluid was collected
for 1 to 3 mm under gentle suction. A plasma sample was
obtained immediately after each tubule fluid collection to esti-
mate inulin activity and plasma electrolyte concentrations.
Assay procedures
The methods used in this laboratory for determination of
plasma corticosterone and aldosterone have been recently
described in detail [8]. The concentration of sodium and potas-
sium in plasma and urine was determined with a flame photom-
eter (Instrumentation Laboratories, Model 443), with a lithium
standard. Plasma, urine and tubular fluid Cl concentrations
were measured using the microcoulometric titration procedure
of Ramsay, Brown, and Croghan [2t)1. Determinations of urine
to plasma and tubular fluid to plasma inulin ratios were made by
counting 3H-inulin activity in measured aliquots of urine,
plasma, and tubular fluid dissolved in Hydrofluor (National
Diagnostics) in a liquid scintillation counter (Packard-Tricarh.
Packard Instruments, Downers Grove, Illinois). Volumes of
urine, plasma, and tubular fluid of I l, 10 pA. and 2 to 4 nI,
respectively, were dissolved in 3 ml of Hydrofluor in glass
scintillation vials. The concentrations of sodium and potassium
in tubule fluid were measured with a helium glow photometer
(Aminco). as previously described [211. All microvolumetric
handling of tubular fluid samples employed calibrated con-
stricted pipettes. prepared on a microforge (Stoelting). Mea-
surement of the size of timed tubular fluid collections were
Fig. 2. In vitro circuit (see Methods).
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performed using the method of Spinelli, Pehling, and Wiz [22].
Droplets remained spherical under oil, and their diameter was
measured microscopically using an eyepiece filar micrometer
(American Optical Company) to calculate volume. We have
modified this technique to allow the use of oil-filled plastic
dishes. Droplet volumes between I and 20 nI were found to be
measured accurately as determined by scintillation counting of
droplets of known specific activity of tritium, in agreement with
the previous report [221.
Calculation of glomerular filtration rate (GFR), single neph-
ron filtration rate (SNGFR), and fractional delivery of electro-
lytes to sites along the nephron were computed by usual
formulae. Ratios of tubular fluid to plasma chloride were not
corrected for the Donnan factor in the determination of frac-
tional chloride delivery.
Morphometric studies. Four rats each from Adx hormone-
replaced groups, including Adx-Control replacement, Adx-
Control replacement and High K, and Adx-Chronic Aldo
groups, were prepared for morphometric analysis of the initial
collecting tubule, which was defined as the tubule segment
extending from the connecting tubule in the distal convolution
to the junction of the first branching of the collecting duct. This
segment is composed of two cell types, the principal and the
intercalated cell, each with distinctive morphological character-
istics. Since previous studies have shown that potassium load-
ing induces an increase in the density of the basolateral mem-
brane in the principal cell [231, the present morphological
studies concentrated on this cell type.
After the induction of anesthesia with mactin, a midline
abdominal incision was performed and the abdominal aorta was
isolated. The animal was perfused with fixative by retrograde
perfusion (method 1 of Maunsbach) [24]. The perfusion solution
was a modified Karnovsky's fixative [25] containing 4% para-
formaldehyde, 5% gluteraldehyde diluted in a 1:3 ratio with 0.1
M sodium cacodylate buffer. The osmolality was adjusted to 300
mOsm with sodium chloride and 3% dextran T-40 was added for
its oncotic contribution. Following rapid perfusion with physi-
ologic saline for 30 sec to remove blood. 200 ml of perfusion
solution was run through the vascular system under physiologic
pressure. Kidneys were then removed and sectioned sagitally
through the hilus. One-millimeter blocks of the superficial
cortex were immersed in fixative for I to 3 hr. Subsequently,
the blocks were rinsed with buffer in five successive washings.
Tissue was post-fixed with S-collidine buffered 1.3% osmium
tetroxide, washed in 0. I M S-collidine buffer, stained in block
with uranyl acetate-oxylate, washed in graded alcohols, and
embedded in Epon. One-micron semi-thin sections were stained
with Tolouidine blue-Azure IT and examined by light micros-
copy to identify initial collecting tubule segments at the capsu-
lar surface and extending no more than I tubule diameter
beneath the capsule. Each block was then trimmed and ultra-
thin sections of these tubules were made with an
ultramicrotome (LKB Cambridge-Huxley). The sections were
stained with uranyl acetate and lead citrate and examined with
an electron microscope (Zeiss EM-lOB). The statistical design
and morphometric methods have been previously described
[26]. In the present study approximately five blocks, which
included subcapsular initial collecting tubule segments, were
chosen from each animal. Ten to 15 high power electron
micrographs per block were obtained and at least one cell per
Table 1. Effect of High-K diet and hyperaldosteronism on late distal
convolution PD in intact and adrenalectomized animals
Group Transepithehal PD, my
Intact adrenal function
Control
—34 3 (18)
High-K —42 3h (16)
Acute Aldo
—31 3 (20)
Chronic Aldo
—36 3 (12)
Unreplaced adrenalectomized animals
Adx-PVP
—36 2 (15)
Control-PVP
—33 4 (II)
a The interstitial fluid is referenced to ground. The number in
parentheses indicates the number of observations; values are mean
SEM.
h P < 0.05 vs. control by the Dunnett test.
P> 0.05 vs. Adx-PVP by the Student's t test for unpaired data.
micrograph was measured for stereologic analysis. To reduce
observer bias, all animals, blocks, and micrographs were
coded, and the code was opened only after the final calculations
were made. Morphometric analysis was performed using a
computerized image analysis system (Zeiss Videoplan) using
Area-Perimeter analysis performed by tracing the cell borders
of electron micrographs placed on a digitizing tablet. The
equations and parameters measured are those described by
Weibel and Bolender [27] adapted for use with the micro-
computer system. The primary stereologic parameter studied
was surface density (S = 4/ir U/AT; where U equals the sum
of section parameters and AT equals the sum of the reference
areas).
Statistical methods. All data are reported as mean SEM.
Comparisons of means between two groups employed the
Student's r test for unpaired data. When multiple group means
were compared to a single control group, the Dunnett proce-
dure [28] was used. Comparisons between two non-control
group means were performed using the Scheffe procedure [29].
Because the prior hypothesis tested was that the various
experimental maneuvers would increase distal tubular PD above
control, a one-tailed test procedure was appropriate for the
Dunnett test in the comparison of all groups except the Adx-
unreplaced group. All statistical calculations were performed
using a programmable Hewlett-Packard Il-C calculator. A P
value of less than or equal to 0.05 was considered significant.
Results
EfJ'ct of potassium loading and hvperaldosteronisin on PD in
late distal convolution of animals with intact adrenal glands
The transepithehial PD, with interstitial fluid referenced to
ground, along the course of the distal convolution in control
animals was — 18 2 my (lumen negative) in the early segment
(transit time ratio 1.1 0.03) and —34 3 my in the late
segment (transit time ratio 1 .8 0.04). This profile of PD
between early and late segments of the surface distal tubule in
the rat agrees with previous reports [II, 12, 17]. The values of
PD in late distal convolution of control and experimental groups
with intact adrenal function are shown in Table I. In animals on
a High-K diet for 5 days the PD in late distal convolution
increased significantly (P < 0.05) above the control value of
Potassium adaptation in initial collecting tubule 803
Table 2. Micropuncture and clearance data in intact animalsa
C SNGFR
Final urine Late distal convolution fluid
FEK. [NaI FDNa [I FDJ( [Cl-I FDc1-
Group dImin ni/mm FENa* % FE TT ratio TF/P10 mEqliiter % mEqiliter % mEq/iiter %
Control 1580
(8)
39.8
(12)
0.15
(8)
7.4
(8)
0.44
(5)
1.8
(33)
12.3 55.0
(12) (13)
5.2
(12)
7.0
(13)
16.8
(12)
86.8 10.1
(Il) (9)
Chronic Aldo 2030
(4)
40.5
(9)
0.03b
(5)
8.3
(5)
0.60
(5)
1.8
(19)
7.3 58.2
17.7
(9) (8)
6.1
(8)
8.4
(8)
24.Ob
(8)
67.5 8.8
11.9
(9) (9)
High-K 1760
(5)
36.8
(10)
0.15
(5)
16.9l
(5)
0.97
(5)
1.8
(20)
10.8 42.5
(10) (10)
3.8
(10)
9.7
(10)
40.0'
(10)
72.6 9.0
(10) (10)
Abbreviations: C10, whole animal inulin clearance; FE, fractional excretion; TT ratio, transit time ratio; TF/P10, ratio of tubular fluid to plasma
inulin concentration; [ I, denote concentration; FD1, fractional delivery; SNGFR, single nephron filtration rate.
a Values are mean SEM. The number in parentheses indicates the number of observations.
b p  0.05 vs. control, Dunnett test.
—34 3 to —42 2.6 my, in agreement with the initial
observation of Wright et al [2]. Recent studies in our laboratory,
as noted in Methods, demonstrate that the plasma aldosterone
levels in this experimental group increase from a control level of
5 to approximately 50 ng/dl, a tenfold increase [81.
In contrast to the effect of potassium loading on distal
convolution PD, there was no effect of hyperaldosteronism on
transepithelial voltage. In animals on a sodium-free diet for 5 to
7 days, associated with an increase in plasma aldosterone to
greater than 400 ng/dl [8], the PD of —36 3 my was not
significantly different from control. Since a recent report in-
dicated that acute exogenous administration of aldosterone, in a
dose of 50 g, increased distal convolution PD in adrenalecto-
mized animals after a period of several hours [9], we used a
similar approach in this experiment. As shown in Table I,
however, the late distal convolution PD of —31 3 my, after a
total dose of 100 g of aldosterone over a period of 16 hr was
not increased above the control value.
Although these results indicated that neither acute nor
chronic hyperaldosteronism affected PD in late distal convolu-
tion, it was possible that differences in electrolyte concentration
in distal tubule fluid may have attenuated the electrical potential
across the tubule wall because of changes in transepithelial
diffusion potential. To determine the possible influence of
differences in tubular fluid composition in this intergroup com-
parison, an analysis of the concentration of sodium, chloride,
and potassium in late distal tubule was performed in Control,
High K, and Chronic Aldo groups. In this study the values of
late distal convolution PD were similar to the levels in groups
not subjected to micropuncture. and averaged —30 2 my,
Control; —43 2 my (P <0.05 vs. control), High K; and —27
1 my, Chronic Aldo.
As shown in Table 2, whole animal C1,, and SNGFR were the
same in the three groups and the fractional excretion rates of
sodium, chlorine, and potassium were in accord with previous
reports on fasted animals studied under the same conditions [2].
The TF/P1 values were not different among the three groups
and the pooled average value of 10.4 agrees with previously
published values of this ratio in late distal tubules [2] and
verifies the adequacy of the transit time ratio in segment
selection. Plasma electrolyte concentrations in the potassium-
loaded group and animals on a sodium-free diet were not
statistically different from control values of Na, 146 II
mEq/liter; K, 4.6 0.2 mEq/liter; Cl, 124 10 mEq/liter. In
these experiments we hoped to minimize differences between
groups in regard to the concentration of electrolytes in tubular
fluid and therefore, animals were fasted over night since Wright
et al [21 had shown no difference in sodium or potassium levels
in the early or late distal convolutions of fasted animals under
basal conditions between control rats and potassium-loaded
animals. During acute potassium chloride infusion, in contrast,
the late distal concentration of sodium was reported to be lower
and that of potassium higher in the potassium-loaded group than
in controls. In agreement with the report of Wright et al [2] the
concentrations of sodium, potassium, and chlorine were similar
in late distal convolution between control and potassium-loaded
animals, and were also similar in sodium-deprived animals.
Because there was no difference between groups in the present
experiments in the concentration of sodium or chlorine in late
distal convolution, there was no evidence that the observed late
distal convolution PD was influenced by variations in
transepithelia! diffusion potentials.
Effi'ct of adrenalectorny on PD in lwe distal tubule
Further studies were performed to determine whether or not
aldosterone played a role in maintaining control late distal
convolution PD. To avoid the possible influence of marked
volume contraction on PD in adrenalectomized animals, poly-
vinyl pyrrolidine (PVP) was infused to maintain plasma volume.
since this large molecule is primarily retained in the vascular
space and is not filtered by the kidney [101. Since the proximal
transit time of 11.1 0.7 sec and distal transit time of 41 I
sec in unreplaced adrenalectomized animals were not different
from control values in intact animals, it seems likely that renal
hemodynamics were maintained near normal levels.
As shown in Table I there was no evidence that the absence
of either aldosterone or corticosterone iniluenced late distal
convolution PD since the value of —36 2 my in unreplaced
adrenalectomized animals was not statistically different from
the control value of —34 3 my. There was also no evidence
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Table 3. Effect of High-K diet and hyperaldosteronism on late distal convolution in adrenalectomized, hormone-replaced animals
Group
Corticosterone
gIdl
Aldosterone
ng/dl
pDb
my
SVB
m2/,im3
Adx-Control replacement 4.0 0.7
(8)
5.4 0.3
(7)
—40
(13)
3 2.53 0.09
(4)
Adx-Control replacement and High-K 3.0 0.7
(5)
5.4 0.3
(7)
—47
(20)
lad 2.91 0.llc
(4)
Adx-Chronic Aldo 4.3 0.7
(5)
125 27a
(9)
—34
(19)
2 2.76 0.08c
(4)
Adx-Chronic Aldo and High-K 5.6 1.2
(3)
62.3 ll.9c
(8)
—50
(9)
3a
a Values are mean SEM. The numbers in parentheses indicate the number of observations, except for SvBIM values where they refer to the
number of animals studied.
b The potential difference (PD) is referred to ground.
a P < 0.05 vs. Adx-Control replacement group by the Dunnett test.
d P < 0.05 vs. Adx-Chronic Aldo group.
P > 0.05 vs. Adx-Control replacement and High-K by the Scheffe test.
that the maintenance of PD was the result of the direct action of
PVI because the late distal convolution PD in intact animals
infused with PVP was —33 4 my.
Efl'ct of potassium loading and hvperaldosteronisni on PD in
late di tal convolution of (lthenalectomized animals with
hormone replacemneiit
Since the stress of anesthesia and surgery stimulates the
adrenal production of aldosterone and corticosterone. it seemed
possible that elevated plasma levels of adrenal hormones in
animals with intact adrenal function may have attenuated
differences in PD between experimental groups. Additional
experiments were therefore performed in adrenalectomized
animals with adrenal hormone replacement to avoid unpredict-
able changes in plasma levels of aldosterone and corticosterone
during the course of electrophysiological measurements.
In these animals the plasma level of corticosterone was 4 to 5
g/dl: this level has been shown to provide physiological
replacement of glucocorticoids 181. Since this plasma level of
corticosterone has been demonstrated not to increase the
activity of Na-K-ATPase in the cortical collecting tubule,
although enzyme activity is expanded by increases in plasma
aldosterone. it seems unlikely that corticosterone, in these
experiments, occupied aldosterone receptor sites 1301. Aldos-
terone was administered in variable amounts to produce either
basal plasma levels of approximately 5 ng/dl. termed control
replacement, or high plasma levels.
The late distal convolution P1) in animals with the basal
replacement of adrenal hormones (Adx-Control replacement)
was —40 3 my as shown in Table 3. The administration of a
High-K diet for 5 to 7 days to animals on control hormone
replacement (Adx-Control replacement and High K group)
resulted in a significant (P < 0.05) increase in PD to ---47 I
my. in agreement with findings in animals with intact adrenal
function. In contrast to the effect of potassium loading chronic
administration of aldosterone in a dose of 20 sg/l00 g body
weight per day (Adx-Chronic Aldo group) did not increase late
distal convolution PD above the control value: the P1) in this
group was —34 2 my. Since chronic potassium loading in
intact animals increased aldosterone production. adrenalecto-
mized animals were fed the High-K diet and received aldos-
terone at a rate sufficient to produce elevations of plasma
aldosterone that was similar to intact animals (AdX-Chronic
Aldo and High K). As shown in Table 3 the PD in this group of
—50 3 my was not statistically different from the value in the
Adx-Control replacement and High K group. Thus, a
potassium-enriched diet does not seem to act synergistically
with hyperaldosteronism to stimulate potential difference in the
late distal convolution tubule.
Morphomnetric analysis of epithelial cells in the initial
collecting tubule
Since microelectrode studies failed to show an increase in PD
in the late distal convolution as a result of the acute administra-
tion of aldosterone or in animals with chronic hyperaldosteron-
ism. niorphometric analysis of initial collecting tubule cells was
performed to determine whether potassium loading and aldos-
terone increased the surface density of the basolateral mem-
brane, sv , under the conditions of these experiments. Previ-
ous studies demonstrated that amplification of basolateral mem-
brane correlated with increased net electrolyte transport in the
initial collecting tubule [23], and large intestine 1311. As shown
in Table 3, Sv131 was 2.53 0.09 Lm2/sm3 in Adx-Control
replacement animals. In agreement with the report of Stanton et
al 1231 administration of a high potassium diet significantly
increased the area of the basolateral membrane in initial col-
lecting duct cells. The 5vR in Adx-Control replacement and
High K group was 2.91 0.11 pm2ljsm3 (P < 0.05 vs. control).
The greater increase in surface density of initial collecting duct
cells of 45i in the Stanton report, compared to the increase of
159f- in this study, is probably due to the longer period of
potassium loading in the former study of 4 to 6 weeks and the
concomitant effect of hyperaldosteronism since animals with
intact adrenal glands were used. Chronic administration of
aldosterone, in the absence of potassium loading, also increased
surface density of the basolateral membrane. In the Adx-
Chronic Aldo group the value of was 2.76 0.08
rm2/lLm3. and this level was significantly (P < 0.05) greater than
control.
Discussion
The major aim of these experiments was to determine
whether potassium loading induced cellular adaptive changes in
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the initial collecting tubule by an aldosterone-independent
mechanism. Because this analysis was principally based on an
analysis of changes in transepithelial PD in late distal convolu-
tion, interpretation of the results depends on the accuracy of
electrophysiologic measurements. Recent studies by several
laboratories have emphasized possible artifacts in attempts to
estimate the PD across the tubular epithelium. These artifacts
are due, at least in part, to the practical difficulty of correcting
for the liquid junction potential (V1)fl) at the microelectrode tip
when placed in flowing distal convolution fluid [12, 18]. Previ-
ous attempts in this laboratory to fabricate an artificial distal
tubule fluid with the same liquid junction potential as natural
tubular fluid were unsuccessful [12], and, to our knowledge, no
other laboratory has demonstrated better success. In addition,
controversy has arisen regarding the method of employment of
microelectrodes. Barratt et al [321, for example, have reported
that the PD in the early distal tubule is oriented such that the
luminal potential is positive to ground, and a lower luminal
negativity in the late portion of the distal convolution was found
than in this and other laboratories [Il, 12, 171. Allen and Barratt
[331 contend that hyperpolarization of tubular epithelium was
due to a leak of potassium from the exploring electrode and
accounted for the more negative luminal potential in our previ-
ous report [121. That objection, however, does not explain the
finding of a negative luminal potential in both the early and late
portions of the distal convolution by Temple-Smith, Costanzo,
and Windhager [171 in studies in which a non-potassium filling
solution was used in the microelectrode.
To avoid the possibility of artifacts arising from hyperpolar-
izing the tubular epithelium during measurements of PD. we
used an entirely different technique in these experiments than
used in our previous study. This technique, which fulfills the
theoretical criteria for optimal microelectrode measurements of
transepithelial PD. resulted in values of PD in control animals
during free flow which exhibited a negative luminal potential in
both the initial and late portions of distal convolution, and a
profile such that negativity increases along the length of the
tubule as originally described by Wright [I 1]. It is apparent,
however, that variations in the electrolyte composition of
tubular fluid may affect VDjh. Although this potential artifact
can be avoided by perfusing the tubule lumen with an artificial
perfusate and correction of the liquid diffusion potential be-
tween the perfusate and Ringer solution, as estimated in vitro,
this set of conditions may not represent the conditions that exist
during free flow. In the present study, on the basis of in vivo
measurements of electrolyte concentrations in tubular fluid and
in vitro estimates of the liquid dithision potentials between
Ringer solution and solutions with electrolyte concentrations
within the same range as observed in tubular fluid, our calcula-
tions suggest that V[)ff did not influence our estimates of VTF to
a significant extent. Moreover, since the tubular fluid composi-
tion was similar in each of the major study groups of fasted
animals, there is no evidence that the observed PD were
influenced by variations in transepithelial diffusion potentials in
intergroup comparisons.
In summary, our analysis suggests that the observed values
of Vr in these studies approximated the value of VTF. accurately
plus or minus 2 my and were not influenced by differences
between groups because of variations in the composition of
tubular fluid. Moreover, the results of studies in control animals
agree with our previous report 1121 and other studies [11, 171,
and show that the lumen of the distal convolution is negative to
ground throughout its entire length. The disagreement between
these studies and that of Barrati et a! [32] and Allen and Barratt
[33] is probably explained by an unstable liquid junction inter-
face in the latter study (junction 5 in Figure 1), since tubular
fluid was collected by the recording microelectrode, and by
depolarization of the tubular epithelium during collection of
fluid by the microelectrode, as previously demonstrated [121.
In the present study potassium loading resulted in a sig-
nificant increase in the transepithelial PD in the late distal
convolution of animals with intact adrenal glands, confirming
the observation of Wright et al [2]. This change in electrical
potential has been shown in previous studies to be a hallmark of
potassium adaptation in cortical collecting tubule [31 and the
distal colon [341, as well as in the late distal convolution. In the
late distal convolution this characteristic response to potassium
loading was shown to be independent of the action of aldos-
terone, since a significant increase in PD was also found in the
absence of hyperaldosteronism; the transepithelial PD increased
significantly above control in the Adx-Control replacement and
High K group. Moreover, increased levels of aldosterone,
induced acutely or chronically, did not influence PD in late distal
convolution in either intact animals or Adx-hormone substi-
tuted animals. In addition, the present study demonstrates that
amplification of the basolateral cell membrane in initial collect-
ing tubule cells, previously demonstrated in intact potassium-
loaded animals [23], is also an aldosterone-independent re-
sponse to chronic potassium loading. These results agree, in
part, with previous studies performed on the cortical collecting
tubule of the rabbit [35]. In adrenalectomized rabbits main-
tained on dexamethasone potassium secretion was higher in
animals on a high potassium diet than on a low potassium diet,
although, in contrast to our findings there was no difference in
PD between groups.
The second major finding of this study concerns the action of
aldosterone on the late distal convolution in the rat. Using
epithelia which are traditionally studied for their mineralocor-
ticoid response. investigators in the past have demonstrated
that aldosterone caused an increase in sodium absorption, due
to stimulation of electrogenic transport, a rise in potassium
secretion, and an increase in transepithelial PD. These changes
were closely linked to the induction of increased amiloride
sensitivity [36—38]. In addition, recent studies report a rise in
Na-K-ATPase activity and amplification of the basolateral cell
membrane in target epithelia of animals with hyperaldosteron-
ism 1311. It seems reasonable therefore, to expect similar
changes to occur in the late distal convolution if it is sensitive to
the action of aldosterone. Although it is well established that
the cortical collecting tubule is an aldosterone-sensitive epi-
thelium [5], the response of the initial collecting tubule in the
late distal convolution to physiological elevations of plasma
aldosterone has not been established. Hierholzer et a! reported
that the administration of aldosterone to the adrenalectomized
rat restored net sodium absorption to control values, but not to
levels above control [39]. As in the present study PD was not
reduced below control following adrenalectoniy. In other stud-
ies pharmacological doses of desoxycorticosterone acetate
(DOCA) increased the activity of Na-K-ATPase [5] and the area
of hasolateral cell membrane [40] in the connecting tubule
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segment of the distal convolution of the rabbit. The induction of
endogenous hyperaldosteronism by a sodium-free diet, how-
ever, did not influence enzyme activity in the connecting tubule
[51. In contrast to these reports which failed to show evidence
suggesting stimulated electrolyte transport in the late distal
convolution due to endogenous hyperaldosteronism, Allen and
Barratt [91 reported an increase in late distal convolution Po
above control levels, 2 hr after intravenous infusion of aldos-
terone to intact animals. In the present study we did not find an
increase in transepithelial i'n as a result of the acute or chronic
action of hyperaldosteronism. The disparity between these
results and those of Allen and Barratt [9] are not explained by
experimental design since we used similar doses of aldosterone
in acute studies. The disagreement therefore is most likely due
to the method used to measure transepithelial PD, since Allen
and Barratt [9] used a collection pipette as an exploring micro-
electrode and this technique, as noted above, may result in an
unpredictable estimate of PD due to an unstable liquid junction
potential.
The present study suggests that the initial collecting tubule is
an aldosterone-sensitive tissue. Five to seven days after the
administration of aldosterone, in amounts that produced high
physiological plasma levels of 100 to 150 ng/dl, there was a
statistically significant increase in the surface density of the
basolateral lateral membrane, SvHM, above control levels.
Recent studies indicate that amplification of the area of baso-
lateral cell membrane in mineralocorticoid-sensitive epithelium
is associated with an absolute increase in the number of
Na-K-ATPase pump sites and a chronic increase in the rate of
sodium and potassium transfer and PD in rat distal colon [311.
This structural change occurred in the present study but in the
absence of an increase in transepithelial PD. The dissociation of
changes in SvBM and PD clearly differs from the expected
response in a typical mineralocorticoid-sensitive tissue, in
which aldosterone stimulates sodium absorption via an increase
in amiloride-sensitive sodium conductance in apical membrane
[37, 381. The rise in sodium conductance depolarizes apical
membrane and increases transepithelial potential difference.
An increase in electrogenic sodium transport could fail to
increase transepithelial PD if the current generated by sodium
movement was balanced by opposing currents, that is, either
electrogenic anion movement from mucosa to serosa or cation
transport in the opposite direction. It is also possible that
aldosterone acts on the initial collecting duct to stimulate
neutral sodium chloride absorption. The present study was not
designed to distinguish between these possibilities. The obser-
vations made in these experiments, however, are not unique for
the initial collecting tubule, however, since recent studies in our
laboratory have demonstrated similar observations in rat proxi-
mal colon [41]. In proximal colon hyperaldosteronism increased
sodium absorption and the area of basolateral membrane with-
out altering transmural PD. In addition, the rise in sodium
transport was not associated with the induction of amiloride
sensitivity or an increase in short circuit current.
In summary, these experiments, performed in an animal
model in which adrenal hormone levels could be rigidly main-
tained, demonstrate that potassium loading causes cellular
adaptive changes by an aldosterone-independent process in the
initial collecting tubule. This result implies that renal potassium
adaptation is distinguishable from other states of secondary
hyperaldosteronism, although in vivo the effect of aldosterone
may be additive in the mechanism which accelerates potassium
secretion. In addition, since hyperaldosteronism, in the absence
of potassium loading, caused an increase in the area of baso-
lateral membrane in initial collecting duct cells, these experi-
ments suggest that this nephron segment is a target site for the
action of aldosterone.
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